Electrorefining of uranium was studied for developing pyrometallurgical reprocessing technology of metal fuel cycle. After concentration dependence of polarization curve was measured, uranium was electrodeposited either on solid iron cathode or in liquid cadmium cathode. Design and operational conditions of the cathode were improved for obtaining much greater quantity of deposit, resulting in recovery of 732g of dendritic uranium on a single solid cathode, and of 232g of uranium in 2,344g of a liquid cadmium cathode. The behaviors of electro-codeposition of rare earth elements with uranium were observed for liquid cadmium cathode, and were found to follow the local equilibrium between salt electrolyte and cathode. The decontamination factors of FP simulating elements from uranium were tentatively determined as>2,000 for deposition to solid cathode and as>7 for deposition to liquid cadmium cathode, respectively.
I. INTRODUCTION
Pyrometallurgical nuclear fuel recycle process, called pyroprocess, has originally been developed by Argonne National Laboratory (ANL)(1)(2) as a method for recovery and recycle of the metal fuel, U-Pu-Zr and U-Zr, discharged from fast reactor. Electrorefining is the key step of pyrometallurgical processing for separating actinides from fission products(FPs) (3) . The electrorefining process is carried out in the electrorefining cell that contains a molten chloride salt (LiCl-KCl) floating on a liquid cadmium operated at 773 K under an argon atmosphere. As schematically shown in Fig. 1 , a perforated basket in which chopped spent fuels are charged becomes an anode so that uranium, plutonium, and other actinides present in the spent fuel are anodically oxidized. The oxidized actinides are reduced at liquid cadmium in the bottom of electrorefiner. Uranium and a uranium-plutonium mixture are then electrotransported to the solid iron cathode and the liquid cadmium cathode, respectively. The less noble FPs such as alkali metals and alkaline earth metals are oxidized from spent fuel and remain in the molten salt electrolyte, while the metals in the cladding alloy and the noble FPs such as ruthenium and palladium are not oxidized from the spent fuels and are retained in the anode basket as a sludge or fall into cadmium pool.
The original concept of this type electrorefiner was first proposed by Miller et al. of ANL at 1986(4) . In the beginning, they studied the deposition behaviors of uranium and plutonium by using laboratory scale elec- trorefiner (inner cell of 6 inch dia.)(5) (6) . They tried to electrodeposit uranium-plutonium mixture on a solid steel cathode, and found the morphology of deposit had changed from dendritic form that contained only uranium to amorphous form that contained uranium and plutonium. And they found the amorphous deposit was non-adherent on solid cathode. Then they began studying liquid cadmium cathode for collecting plutonium-uranium mixture. The deposition of plutonium in cadmium was, however, hampered by formation of dendritic uranium which act as a solid cathode that collecting only uranium (7) . Pounder type liquid cadmium cathode was, hence, developed for pushing down the dendrites formed on the cathode surface (8) . Successful collection of plutonium-uranium mixture in high Pu/U ratio was reported (9) . On the other hand, scale-up experiments were carried out for uranium deposition by using engineering-scale electrorefiner (inner cell of 30 inch dia.). Approximately, 10kg of uranium was electrodeposited on a single iron cathode mandrel in about one day (10) . Recently, it was reported that 8.2kg of uranium had been recovered on a solid iron cathode of the demonstration-scale electrorefiner of 101cm diameter (11) , equipped in the hot cell of ANL Idaho site, as a result of start-up operation which used cold uranium (12) .
The authors started studying electrorefining process at 1988 for confirming the results reported by ANL, however, it was found that the detailed experimental conditions necessary for reproducing the experiments were not described in the open papers. Hence, first thing we have done was measurement of basic properties such as polarization curves of relevant elements. Deposition of uranium on solid cathode was then studied with various conditions such as current density, uranium chloride concentration, cathode geometry and so on. In the course of these experiments, we found that there were still lacking in the basic data necessary for designing and evaluation of the electrorefining process.
In this paper, therefore, experimental results of electrotransport and electrodeposition of uranium to a solid iron cathode and a liquid cadmium cathode were reported together with the electrochemical properties of relevant elements such as uranium and rare earth elements in eutectic LiCl-KCl mixture at 773 K. Then, the results of electrorefining of uranium from FP simulating elements carried out for obtaining tentative decontamination factor was reported. It should be noted that the electrotransports in this study were all carried out from the cadmium anode which contained transporting elements such as uranium.
II. PRINCIPLE OF ELECTROREFINING PROCESS The electrorefining of pyroprocess consists of the following three main steps(3)(10):
(1) Dissolution and Distribution of Fuel Elements Chopped spent fuels can be dissolved by either direct dissolution or by anodic dissolution. In direct dissolution, chopped fuel pins charged in a porous basket are submerged in molten cadmium in the bottom of an electrorefiner, and the fuel materials are dissolved from the cladding according to their solubility. By adding the oxidizing reagent cadmium chloride (CdCl2), uranium, plutonium, zirconium and soluble fission products such as lanthanides, alkali metals and alkaline earth metals are distributed to the molten cadmium and the electrolyte salt according to the chemical equilibrium requirement (13)- (15) . Because the concentration of actinide chloride in the salt electrolyte should be maintained in high enough to assure the required current, the less noble elements such as alkali metals, alkaline earth metals and rare earths are mostly distributed to the electrolyte salt. The noble metal fission products and the insoluble cladding materials remain in the molten cadmium. In anodic dissolution, the chopped fuel pins in a porous basket are suspended in molten salt within the electrorefiner, then the fuel materials are electrotransported to molten cadmium or directly to cathode. In this case, the oxidizing reagent CdCl2 is added to distribute the elements into electrolyte salt and molten cadmium.
According to the study reported by ANL(10), anodic dissolution is currently proposed as the reference dissolution method for processing the spent fuel because of its higher dissolution rate than direct dissolution. For the first batch operation of electrorefining process or experimental procedures to prepare the molten salt electrolyte which contain uranium chloride, however, direct dissolution is usually employed because anodic dissolution needs uranium chloride, UCl3, which is hard to be obtained.
(2) Electrorefining with Solid Iron Cathode After the fuel elements are dissolved, uranium is transported to a solid iron cathode. By imposing an anode potential that is less than the oxidation potential of cadmium, uranium and plutonium are predominantly oxidized from the molten cadmium anode. The reported redox potentials of relevant elements(16)- (18) are reviewed and tabulated in Table 1 . According to this table, uranium can be separated from other less noble elements by imposing a cathode potential greater than reduction potential of plutonium.
(3) Electrorefining with Liquid Cadmium Cathode When the residual amount of uranium in the electrorefiner becomes comparable to that of plutonium, the solid iron cathode is exchanged for a liquid cadmium cathode, and simultaneous electrorefining of uranium and plutonium is conducted. In the liquid cadmium cathode, the reduction potential of plutonium is close to that of uranium because the activity coefficient of plutonium in cadmium at 773 K is 1.4x10-4 (19) , while that of uranium is 75 (20) . Hence, uranium and plutonium can VOL. 34, NO. 4 , APRIL 1997 be collected simultaneously by the liquid cadmium cathode. The reported activity coefficients in cadmium (13)(18) are reviewed in Table 2 . As listed in this table, other transuranic elements (TRU) such as neptunium, americium and curium have small activity coefficients in cadmium, and may be collected simultaneously with plutonium.
II I. EXPERIMENTAL
Materials
Polarographic grade LiCl-KCl eutectic mixture (mole ratio of lithium to potassium=51/49) and CdCl2 in same grade were purchased from Anderson Physics Laboratory Engineered Materials Inc. They were delivered in sealed glass ampoules and contained <50ppm water. A cylindrical piece of 99.9% pure metal uranium of 6mm diameter and 50mm length obtained from British Nuclear Fuels was used after the surface oxide was filed away. The >99.99% pure metal cadmium shot obtained from Furuuchi Chemical Corporation was rinsed with dilute nitric acid and degreased with acetone. The cerium, neodymium and gadolinium metal ingots, >99.9% purity, were obtained from Rare Metallic Corp. Ruthenium ingots of >99.9% purity and ziruconium sponge of >99.9% purity were also obtained from Rare Metallic Corp.
Apparatus
Three different scale electrorefiners were contained in individual argon glove box. The internal cell diameters of these electrorefiners are 57, 180 and 220mm, respectively. The schematic views of these electrorefiners are shown in Fig. 2 . Each electrorefiner consists of a liquid cadmium anode covered by a molten LiCl-KCl eutectic mixture and a cathode. The cathode assemblies of the large and medium-sized electrorefiners are applicable to either the solid iron cathode or the liquid cadmium cathode, but that of the smallest one is only for solid steel cathode. The cathode and anode potentials were measured by using Ag/AgCl reference electrode which consisted of a silver wire, which was in contact with 0.1 wt% of AgCl contained LiCl-KCl eutectic salt inside a Pyrex-glass tube having a thin asbest wire in the bottom.
Procedure (1) Preparation of Electrolyte and Liquid Metal
Prior to the electrotransportation, the molten LiClKCl electrolyte was dried in the electrorefiner by flowing argon gas to remove residual H2O. Complete removal of impurity was confirmed by the analysis of polarization curves. As described in the former chapter, uranium and other elements were dissolved in the anode cadmium (direct dissolution), then distributed to the electrolyte and the anode cadmium by adding a predetermined amount of CdCl2 oxidant.
(2) Measurement of Polarization Curves In order to observe the effect of the concentration of each element in salt and cadmium phase, polarization curves were measured with various concentrations of the elements. In each measurement, the equilibrium potential of each electrode was measured against reference electrode for the predetermined current, which was either increased or decreased stepwise .
(3) Electrotransportation to Solid Iron Cathode Electrotransportation of uranium to solid iron cathode was carried out in the large electrorefiner by applying a cell voltage determined from the results of polarization curves. In the course of these experiments , design and operation of the electrorefiner were improved to attain higher current density and much greater quantity of deposit.
(4) Electrotransportation to Liquid Cadmium Cathode Electrotransportations of uranium to liquid cadmium The data noted * is referred from (13) . Others are referred from (15) .
cathode were carried out in the large electrorefiner. Because it was reported that the electrodeposition of uranium on liquid cadmium cathode was hampered by the formation of dendritic uranium(7), stirrer was employed to agitate the liquid cadmium for accelerating the deposited uranium to settle down. (5) Electrotransportation of Uranium and Rare Earth Elements In order to observe the behavior of the mixture of uranium and rare earths, electrotransportation of uranium, neodymium, and gadolinium from liquid cadmium anode to either solid iron cathode or liquid cadmium cathode were carried out in the medium-sized electrorefiner.
(6) Electrorefining of Uranium from Simulated Spent Fuel For obtaining tentative decontamination factors experimentally, FP simulating elements such as neodymium, cerium, gadolinium, ruthenium and fuel constitute zirconium were charged with uranium. Electrorefining of uranium by depositing solid iron cathode and liquid cadmium cathode were carried out in the medium-sized electrorefiner.
IV . RESULTS AND DISCUSSIONS

Polarization Curves of the Elements
The polarization curves for uranium were measured with different concentration of uranium by using the small electrorefiner . Lines in the top half of the Fig. 3 denote oxidation from the cadmium anode, and those in the bottom half denote reduction onto the iron cathode. These curves include IR drop, and the potential was measured against Ag/0.1 wt% AgCl-LiCl-KCl reference electrode. The curves plotted by triangles and squares show same redox potential, -1.2V, which agreed well with the reported data listed in Table 1 ; 1.19 V. On the other hand, the curve plotted by circle shows oxidation of Cd(0) to Cd(II) and reduction of Li(I) to Li(0) due to low concentration of uranium in cadmium and salt phase, respectively. From this figure, about 0.5 wt% uranium in the anode cadmium is enough to obtain 0.1 A/cm2 of current density at the anode, while about 8 wt% of uranium in the electrolyte is enough to obtain 0.2A/cm2 of current density at the cathode. As shown Table 1 were obtained for neodymium and gadolinium. By comparing these three figures each other, uranium is suggested to be electrorefined from gadolinium and neodymium in the potential range of -1.8 to -0.6 V when concentration of uranium in salt is more than 8 wt% and those of gadolinium and neodymium are in the range of these measurements.
2. Electrotransportation of Uranium to Iron Cathode Electrotransportation of uranium from liquid cadmium anode to solid iron cathode was carried out under the concentration and potential range determined from polarization curves. The small scale electrorefiner with cylindrical solid iron cathode (15mm dia., 40mm length) was first used for observing the basic behavior of uranium deposition. In every electrotransport, uranium metal deposit was obtained in the form of dendrite grew on the cathode surface regardless of the cathode current density in the range of this study, 0.01-0.35 A/cm2. The growth of dendrites on the cathode surface were not homogenous. It grew longer at the bottom edge of cathode than at the side surface of cathode, and made short circuit between anode and cathode several times during electrotransport. Hence, a disk insulator made of zirconia was attached in the bottom of the cathode mandrel to restrain the dendritic deposits from growing toward the anode cadmium for avoinding anode-cathode short circuit. As a results, collection efficiency, which is determined as (coulomb equivalent to the collected uranium)/(coulomb passed), was increased from less than 0.1 (without insulator) to more than 0.5 (with insulator). For getting higher collection efficiency, adhesion of dendrite to the cathode surface should be improved since long dendrites were found likely to break off during and after electrotransports. Hence, the cathode surface was roughed by curving a spiral groove for improving the adhesion. The effect of cathode surface roughness on the deposition of uranium was observed by changing the pitch of spiral groove. As shown in Fig. 5 , collection efficiency was increased from 0.6 to more than 0.8 with decreasing the pitch from 5 to 2mm. From this result, about 2mm pitch is enough to deposit uranium in high collection efficiency for the solid cathode with spiral groove.
Then electrotransports were carried out in the large scale electrorefiner where a bottom insulated iron rod (50mm dia., 155mm length) curved spirally at 2mm pitch was used as a cathode. The obtained uranium deposit was of dendritic form similar to that obtained by the small scale electrorefiner. The dendrite was found to grow longer at the cathode surface facing to the cell wall which had same potential to anode. Hence, the effect of cathode rotation on the deposition of uranium was investigated with different rotation rate. A collection efficiency of more than 0.8 was obtained for deposition onto the cathode rotated at 10rpm. The deposit on this cathode was more homogeneous than that on the stable cathode. For the cathode rotated at 20rpm, however, the collection efficiency of deposit decreased to 0.34. As shown in Photo. 1, the deposit on the cathode rotated at 20rpm seemed to fall off due to the fast rotation. Hence, rotation of cathode at less than 10rpm is good for obtaining homogeneous deposit with high collection efficiency.
After above mentioned preliminary studies, 732g de- respectively. The product contained more than 99 wt% uranium, and the collection efficiency was 0.88.
Electrotransportation
of Uranium to Liquid Cadmium Cathode Deposition of uranium into the liquid cadmium cathode more than the solubility limit of uranium in cadmium (2.3 wt% at 773 K (20) ) was reported to be hampered by the tendency of the deposited uranium to form dendrite, which grew out of the cadmium cathode crucible (7) . Once the dendrite grows up, current is concentrated on it and liquid cadmium cathode works as a solid cathode where only uranium continues to deposit. Hence, it is necessary to avoid the formation of uranium dendrite for depositing plutonium on the liquid cadmium cathode. ANL has been developing "poundertype liquid cadmium cathode" which incorporates an axial and rotating motion agitator for pushing down the deposited uranium into cadmium, however, only high plutonium/uranium ratio products have been successfully recovered (8) . For getting high uranium/plutonium ratio product without forming dendrite, the authors are developing stirrer-type cadmium cathode that incorporates simple stirrer for settling down the deposited uranium to the bottom of the liquid cadmium (17) . Without stirring, dendritic uranium was formed on the liquid cadmium cathode as shown in Photo. 3. Shape and stirring speed as well as vertical position of the impeller were varied to improve the deposition of uranium. For the deposition up to 5 wt% uranium in cathode cadmium, increase of collection efficiency was observed as shown in Fig. 6 with increasing rotation speed of the cathode stirrer up to 100rpm. Because small collection efficiency may be ascribed to short circuit between formed dendrite and the steel assembly, this figure suggests that the stirring of cathode cadmium restrains deposited uranium from forming dendrite. Hence, uranium was electrotransported to the liquid cadmium cathode with stirring at 100rpm for getting much quantity of deposit. Consequently, 232g of uranium was collected in 2,344g of cathode cadmium. As seen in Photo. 4, upper surface of the cadmium-uranium ingot recovered from this cathode was free from grown up dedrites. In these ex- 
Electrotransportation of Uranium and Rare Earth Elements
Gadolinium and neodymium were charged with uranium in the anode cadmium of medium-sized electrorefiner. By adding CdCl2 reagent, these elements were distributed to the cadmium and the salt electrolyte as concentrations listed in Table 3 . The electrotransportation from cadmium anode to solid iron cathode was car- The deposit obtained at 13.5 Ah was 24.5g of uranium that contained very small amount of rare earth elements; 6x10-4 wt% for neodymium and 4.7x10-3 wt% for gadolinium. It shows the separation of uranium from rare earth elements is easily achievable for solid iron cathode as predicted from polarization curves. Then the cathode was replaced by the liquid cadmium cathode, and the potential was imposed to hold 6.3 A where cathode current density was 0.13A/cm2. Anode and cathode potentials were -0.874 and -1.58 V vs. reference electrode. The concentration of each element in the salt and cadmium phase is listed in Table 3 . The liquid cadmium cathode had been stirred by an impeller. During this experiment, the deposit was sampled periodically from the cadmium cathode and then chemically analyzed. The concentration change of the element in cadmium cathode is shown in Fig. 7 . This figure shows that the amount of deposited uranium increased with increasing the current passed, where the actual amount more than solubility limit is shown by the dotted line which agreed well with the analyzed value of the cathode cadmium ingot obtained after the electrotransport. However, gadolinium and neodymium stopped increasing far less than their solubility limits in cadmium, 1.92 wt% for gadolinium and 1.89 wt% for neodymium. This behavior can be explained by assuming that the local thermodynamic equilibrium was established according to the following equation, XM=KXMCl3gMCl3/gM,gU/gU (1) where K denotes equilibrium constant of the exchange reaction, M+UCl3=U+MCl3, M denotes gadolinium or neodymium, XM and XU are the concentrations in liquid cadmium cathode, XuCl3 and XMCl3 are the concentrations in electrolyte, gCUl3 and gMCl3 are activity coefficients in electrolyte, gU and g M are activity coefficients in cadmium, respectively. Since XUCl3, and XMCl3, were kept nearly constant during this electrotransport, XM should be fixed after cathode cadmium was saturated with uranium where activity of uranium in cadmium, gU,XU, became constant according to Eq.(1). Hence, thermodynamic equilibrium may be established between salt phase and cadmium phase. The value of XM can be derived by using separation factor(13) defined as, SFU=1/K,gM/gMCl3,gUCl3/gU, which is reported to be 206 for gadolinium (15) and 53 for neodymium (15) . The concentrations of uranium, gadolinium and neodymium in salt electrolyte during electrotransport were 5.4, 3.67 and 0.43 wt%, respectively. Hence, XGd and XNd were derived to be 0.007 and 0.003 wt%, while cadmium was saturated with uranium. These values were, however, less than the measured values, XGd=0.02 and XNd=0.01 wt%, respectively. This disagreement can be ascribed to the difference between uranium concentration in the bulk salt and that in the interface salt because the relative value XGd/XNd agreed well with each other. The existence of concentration gradient in the vicinity of interface agreed well with that predicted for the electrotransport of plutonium and uranium (23) .
From above obtained results, separation of rare earth from uranium was more difficult for liquid cadmium cathode than for solid cathode, however, deposition of rare earths on liquid cadmium cathode can be decreased by depositing uranium much more than its solubility limit.
Electrorefining of Uranium from Simulated
Spent Fuel In this section, experimental results for determining tentative decontamination factors of FP simulating elements and fuel constituent zirconium are presented. Because of the chemical similarity of rare earths with uranium, electrorefining of uranium from neodymium was first carried out with three different concentrations of neodymium in the salt for simulating the accumulation of fission products in the electrorefiner with progressing the operation. Then, other elements such as cerium, ruthenium and zirconium were charged , and electrorefined from uranium by using solid iron cathode and liquid cadmium cathode sequentially for simulating an actual operation.
The electrorefining was carried out at a potential pair of -0.8 and -0.6V with constant current of about 10A for solid cathode, and -0.7 and -1.5V with constant current of about 6A for liquid cadmium cathode. The concentrations of the elements before and after electrorefining are listed in Table 4 with the concentration of the elements in the deposit. The change of concentration ratio of neodymium to uranium (Nd/U ratio) in the deposits is plotted in Fig. 8 as a function of Nd/U ratio in the electrolyte. It shows Nd/U ratio in the liquid cadmium cathode increased with increasing Nd/U ratio in the electrolyte. Because the electrotransportations were terminated at about the uranium solubility limit, this behavior can be explained by Eq. (1) where XM/XU is proportional to XMCl3/XUCl3.
After adding the predetermined amount of cerium, ruthenium and zirconium, uranium was electrorefined with the solid cathode at a potential pair of -0.760 and -1 .58V with constant current of 8.9A, and was electrorefined with the liquid cadmium cathode at a potential pair of -0.780 and -1.57V with constant current of 5.2 A. The concentrations of the elements before and after electrorefining are listed in Table 5 . Tentative value of decontamination factor from uranium, DF, for each element was calculated from the total inventory ratio to uranium in electrorefiner divided by the concentration ratio to uranium in the deposit. As shown in Table 5 , the obtained DFs of the elements for solid cathode are larger than those for liquid cadmium cathode. From this table, decontamination factors of FP simulating elements from Table 3 Concentration of the elements in salt and cadmium phase before/after electrotransport uranium were tentatively determined as >2,000 for deposition to solid cathode and as >7 for deposition to liquid cadmium cathode, respectively.
V. CONCLUSIONS The following conclusions were obtained from this study.
(1) Polarization curves of uranium agreed well with the reported redox potential, and it showed 8 wt% of uranium in salt electrolyte is enough to obtain 0.2A/cm2 of cathode current density. (2) By improving the design and operational conditions such as rotation speed and stirring, 732g and 232g of pure uranium were recovered by a solid iron cathode and a liquid cadmium cathode, respectively. (3) The behaviors of electro-codeposition of rare earth elements with uranium were observed, and was found to follow the local equilibrium between salt electrolyte and cathode. (4) The decontamination factors of FP simulating elements from uranium were tentatively determined as >2,000 for deposition to solid cathode and as >7 for deposition to liquid cadmium cathode, respectively.
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